Lamin A is a component of the inner nuclear membrane that, together with epigenetic factors, organizes the genome in higher order structures required for transcriptional control. Mutations in the Lamin A/C gene cause several diseases, belonging to the class of laminopathies, including muscular dystrophies. Nevertheless, molecular mechanisms involved in the pathogenesis of Lamin A-dependent dystrophies are still largely unknown. Polycomb group of proteins (PcG) are epigenetic repressors and Lamin A interactors, primarily involved in the maintenance of cell identity. Using a murine model of Emery-Dreifuss Muscular Dystrophy (EDMD), we showed here that Lamin A loss deregulated PcG positioning in muscle satellite stem cells leading to de-repression of non-muscle specific genes and p16 INK4a , a senescence driver encoded in the Cdkn2a locus. This aberrant transcriptional programme caused impairment in self-renewal, loss of cell identity and premature exhaustion of quiescent satellite cell pool. Genetic ablation of Cdkn2a locus restored muscle stem cell properties in Lamin A/C null dystrophic mice. Our findings established a direct link between Lamin A and PcG epigenetic silencing and indicated that Lamin Adependent muscular dystrophy can be ascribed to intrinsic epigenetic dysfunctions of muscle stem cells.
Introduction
The nuclear lamina (NL) is located in the inner part of the nuclear membrane and is made up of a complex network of type V filament proteins, the lamins (1, 2) . In vertebrates lamin proteins are divided into A and B types, based on sequence homologies. A growing body of evidence suggests that lamins are directly involved in the functional control of the genome, by organizing its three dimensional positioning in the nuclear space, through the association with transcriptionally repressed large genomic regions, called Lamina-associated domains (LADs) (3) . The crucial function of lamins is attested by an entire class of genetic diseases, called laminopathies, where specific components of the NL are altered (4) . In particular, the study of Lamin A/C is gaining an increasing interest for three reasons: i) Lamin A/C plays an undisputed role in several cellular processes from mechanotransduction to cell differentiation; ii) Lamin A/C has a peculiar intranuclear distribution being present in the nucleoplasm as well as in the nuclear periphery (5) ; iii) Lamin A/C interacts with several epigenetic factors, exerting a functional control on transcriptional regulation (3, 6) . One of the most studied Lamin A/C dependent cellular process is myogenesis because mutations in the LMNA gene lead to muscular dystrophies, as in the case of Emery Dreifuss Muscular Dystrophy (EDMD) (7) . However, epigenetic mechanisms involved in lamin-dependent dystrophy are still largely unknown. PcG proteins are epigenetic repressors originally discovered for their central roles in development and cell differentiation (8) and recently described as functional partners of Lamin A/C (9) (10) (11) (12) (13) (14) . In the last years several evidence demonstrated that PcG proteins are involved in the regulation of adult stem cells (15, 16) , safeguarding cell identity and preventing cell fate transition. In multipotent stem cells, PcG proteins ensure the correct balance between self-renewal and lineage-specific differentiation, promptly responding to the environmental changes. At the molecular level this is achieved through PcG binding at bivalent domains, genomic regions containing active and repressive epigenetic signatures and a poised RNA polymerase II (17) . This epigenetic condition allows a rapid transition from one transcriptional state to another, ensuring the correct expression of unique and specific cell lineage genes. Defects in these fine-tuned mechanisms lead to lack of cell identity (18) or pathological reprogramming (19) .
Given their key role in regulating stem cells fate decisions and tissue homeostasis, it is conceivable that PcG dysfunctions contribute to lamin-dependent, tissue-specific human diseases. Here, we examined how the absence of Lamin A/C impacts muscle stem (satellite) cells (MuSCs) in vivo, and the role of PcG proteins in lamin muscular dystrophy. We found that MuSCs lacking Lamin A/C redistribute PcG-dependent histone marks leading to transcriptional upregulation of crucial PcG-target genes, such as non-muscle related genes. This leads to lack of MuSC cell identity and cellular senescence, determining a premature exhaustion of the muscular stem cell niche. Genetic ablation of the PcG-regulated Cdkn2a locus in lamin dystrophic mice restores MuSCs defects.
Results

Lamin A is required to preserve quiescent muscle stem cells (MuSC) pool.
We analysed the muscle stem cell niche composition in the severe dystrophic Lmna Δ8-11 -/-mice (homozygous, hom), together with their unaffected littermates, wild type (wt, Lmna Δ8-11 +/+) or heterozygous (het, Lmna Δ8-11 +/-), during dystrophy progression at 10, 14, 16 and 19 days after birth. In early stages of post-natal growth (d10 and d14) no differences were found in the relative amounts of quiescent (QSCs; PAX7+/MYOD-) and activated (ASCs; PAX7+/MYOD+) MuSCs ( Figure 1A , 1B and S1A) among distinct genotypes. Conversely, starting from d16, an unbalance of MuSCs becomes evident in Lmna Δ8-11 -/-muscles, with a decreased proportion of QSCs compared to ASCs, mirroring a decline in myofibers cross sectional area (CSA) ( Figure 1C ). Of note, the overall amount of PAX7+ MuSCs was not significantly altered across the different genotypes ( Figure S1B ) and Ki67 staining at d19 confirmed that in Lmna Δ8-11 -/-muscles a lower amount of QSCs (PAX7+/Ki67-) is present ( Figure S1C ). These findings suggested that Lmna Δ8-11 -/-MuSCs may be deficient in self-renewal capacity. To test this hypothesis, we isolated single myofibers at d19 and cultured them for 96h, monitoring their ability to give rise to self-renewing PAX7+/MYOD-, activated PAX7+/MYOD+ and differentiating PAX7-/MYOD+ cells ( Figure 1D and 1E) . In fibers isolated from Lmna Δ8-11 -/-muscles, we observed a decrease in the number of self-renewing PAX7+/MYOD-cells compared to wt, paralleled by a diminished number of differentiating cells (PAX7-/MYOD+) and an increased number of activated satellite cells. Immunostaining with the myogenic marker MYOG, involved in later stages of differentiation, highlighted a lower number of MYOG+/PAX7-cells in Lmna Δ8-11 -/-( Figure 1F and 1G) accompanied by proliferation defects ex vivo ( Figure S1D ).
These findings suggest a defect in muscle differentiation, as described in (20) , and a previously unreported self-renewal impairment. Interestingly, the healthy heterozygous Lmna Δ8-11 +/-mice, although not developing muscular dystrophy (21) , presented an intermediate self-renewal phenotype between wt and homozygous Lmna Δ8-11 -/-( Figure 1D and 1E), suggesting that proper Lamin A levels are important for MuSCs homeostasis to preserve their self-renewal capacity.
To further address this, we performed repeated muscle injuries on adult heterozygous Lmna Δ8-11 +/-mice, which show less Lamin A at mRNA and protein level ( Figure S2A Injured) and a decline in Pax7+ cells ( Figure 2C ; Injured), suggesting that Lamin A affects MuSCs self-renewal in a dose dependent manner.
Lmna Δ8-11 -/-dystrophic MuSCs display chromatin redistribution of PcG dependent signature
Our recent results showed a Lamin A/C-PcG crosstalk along in vitro myogenesis (10) . We thus wondered if the altered MuSCs balance observed in Lmna Δ8-11 -/-muscles might be ascribed to aberrant PcG functions. We first performed immunostaining of Ezh2, the catalytic subunit of Polycomb Repressive Complex 2 (PRC2) ( Figure S3A ) in d19 MuSCs. We fixed MuSCs before FACS-Sorting to preserve the nuclear architecture of Lamin A-deficient cells (see methods). We found a general intranuclear diffusion of Ezh2 in Lmna Δ8-11 -/-MuSCs, ascertained by measuring PcG bodies parameters (22) (Figure S3A , S3B and S3C). We also measured Ezh2 expression both in MuSCs and whole muscles ( Figure S3D ) and we analysed Ezh2 protein levels in whole muscles ( Figure S3E and S3F). We found no major differences between Lmna Δ8-11 +/+ and -/-mice. To further analyse the Ezh2 intranuclear distribution in QSCs, we performed triple immunostaining on muscle cryosections ( Figure S3G and S3H). Ezh2 levels, assessed measuring fluorescence intensity, were similar in Lmna Δ8-11 +/+ and -/-MuSCs both in PAX7+/Ki67-and PAX7+/Ki67+ cells. Since Ezh2 is hardly detectable in adult quiescent satellite cells (23) (24) (25) , this result suggests that during post-natal growth developmental signals might instead contribute to maintain Ezh2 expression in nonproliferating MuSCs.
On the other hand, evaluation of the number of PcG bodies on the same sections highlighted a decrease in the number of Ezh2 bodies in the mutant ( Figure S3I and S3J), leading us to conclude that the absence of Lamin A/C does not affect Ezh2 protein levels but influence its nuclear distribution. To gain further insights into possible PcG-dependent transcriptional defects, we performed RNA-sequencing on freshly isolated MuSCs at d19, finding 1424 upregulated genes and 1842 downregulated genes in the Lmna Δ8-11 -/-MuSCs as compared to the wt ( Figure   S4A ). Interestingly, performing a Gene Set Enrichment Analysis (GSEA) based on differential expression generated after conditional ablation of Ezh2 in MuSCs (24) and Lmna Δ8-11 -/-up-regulated genes, we found a significant association between the two datasets suggesting that Lamin A absence impairs Ezh2 function ( Figure  S4B ). We also followed the deposition of the Ezh2 dependent H3K27me3 histone mark in Lmna Δ8-11 mice by quantitative spike-in ChIP-seq (26) (see additional methods, Figure S4C ChIP-seq reads coverage in the intergenic genomic regions between the known H3K27me3 enrichment peaks interestingly showed a higher average coverage in the Lmna Δ8-11 -/-MuSCs compared to wt counterparts ( Figure 3D ). These results are compatible with a diffusion of PcG proteins along the chromatin fibers rather than a complete PcG displacement. To identify the PcG targets mostly affected by Lamin A deficiency, genes were grouped according to their transcription level in wt MuSCs.
We thus defined 4 equally sized groups of genes based on expression level quartiles ( Figure 3E ). For each expression category, we reanalysed the H3K27me3 distribution along the body of genes and the TSS and the percentage of upregulated genes in the Lmna Δ8-11 -/-MuSCs ( Figure 3E , 3F and S5E). In quartile I we found only a small percentage (0.65%) of upregulated genes in Lmna Δ8-11 -/-, suggesting that the H3K27me3 decrease/redistribution is not sufficient to activate transcription in highly repressed genes ( Figure 3F , S5E and S6A). In contrast, quartiles II, III and IV are more affected by the diminished H3K27me3 levels in Lmna Δ8-11 -/-( Figure 3F , S5E and S6B), showing a percentage of upregulated genes between 5 and 9%.
Specifically, we noticed that in wt MuSCs, H3K27me3 ChIP-seq signal enrichment around the TSS and within the body of genes is progressively lower in quartiles of higher expression, as expected ( Figure 3F , III and IV quartiles and S5E). However, for Lmna Δ8-11 -/-mice the decrease of H3K27me3 signal inside the gene body is relatively less marked than in wt mice, in fact the average enrichment is slightly higher. We quantified and confirmed this observation by considering the ratio of H3K27me3 ChIP-seq enrichment signal at the TSS and 2.5Kb downstream of the TSS, for each gene, in wt and Lmna Δ8-11 -/-mice ( Figure S7A) , showing that this ratio is significantly different for higher expression quartiles ( Figure S7B ).
Lamin A-dependent PcG redistribution determines de-repression of nonmuscle related bivalent genes
The altered PcG binding observed in Lmna Δ8-11 -/-MuSCs, prompted us to examine more in detail the bivalent genes, a subgroup of PcG targets whose expression is more susceptible to variations of PcG occupancy (27) . Bivalent genes are characterized by the concurrent presence of both H3K27me3 and H3K4me3 marks around TSS and have an intermediate gene expression state (28) . We first performed H3K27me3 and H3K4me3 ChIP-seq in wt MuSCs ( Figure S8A and S8B) and we defined bivalent genes using the parameters described in (17) for the H3K4me3 window at TSS ( Figure S8C ). Then, we tested the association between bivalent and up-regulated genes in the Lmna Δ8-11 -/-by means of the Fisher exact test. We observed a significant over-representation of bivalent genes among upregulated ones in the Lmna Δ8-11 -/-MuSCs ( Figure 4A ). To gain more insights into the biological relevance of deregulated genes in the mutant mice, we performed semantic similarity analysis of all GO terms associated with upregulated genes ( Figure 4B ) together with GSEA ( Figure S8D and S8E). These analyses showed a negative correlation with muscle specification ( Figure S8D ) together with an acquisition of markers related to lipid metabolic processes ( Figure 4B and S8E).
Notably, Fisher exact test analysis highlighted a significant overlap between genes with bivalent promoter and the Lmna Δ8-11 -/-MuSCs up-regulated genes involved in adipogenesis ( Figure 4C ), suggesting that Lamin A is involved in preserving MuSCs identity by ensuring the correct PcG-mediated transcriptional repression of non-muscle genes.
PPARγ is aberrantly expressed in Lmna Δ8-11 -/-dystrophic MuSCs
Given this strong association between bivalent reactivation and adipogenesis markers ( Figure 4C ), we analysed different lipid-related GO categories, finding among the top GO terms, PPARG (Peroxisome proliferator-activated receptor gamma) ( Supplementary Table S1 ). This master transcription factor for adipose cell differentiation (29, 30) was found statistically upregulated in Lmna Δ8-11 -/-MuSCs (FDR< 0.05). Moreover, PPARG gene is a Polycomb target and has a bivalent signature in wt MuSCs ( Supplementary Table S1 and Figure S9A ). These observations prompted us to analyse PPARG transcriptional deregulation. We Figure   S9B ). To evaluate if the aberrant expression of adipogenic genes in MuSCs of mutant mice culminate with fatty infiltration we performed an immunofluorescence for Perilipin 1, a protein present on the surface of lipid droplets (31) ( Figure 5C and 5D), on cryosections of muscles derived from 19 days-old Lmna Δ8-11 mice. We found large areas of adipose accumulation between myofibers of LaminA/C +/-and -/muscles, which were instead undetectable in the wt mice. Considering the key role of PcG proteins in mediating the formation of chromatin loop structures (32, 33) , we reasoned that the loss of H3K27me3 and transcriptional up-regulation of PPARG locus could be related to the alteration of chromatin 3D structure. The genome 3D architecture is organized in structurally separated Topologically Associated Domains (TADs), chromosomal structures that favour intra-domain looping interactions (34) .
TADs can be identified by genome-wide chromosome conformation capture (Hi-C) and are largely conserved across different cell types. We verified that the PPARG locus is included in a TAD encompassing a region extending also upstream of the PPARG locus itself, using high-resolution Hi-C data on mouse embryonic stem cells (35) and the 3D Genome Browser (36) ( Figure S10 ). Then, we performed 3D multicolor DNA FISH analysis on pre-fixed MuSCs using one BAC probe overlapping the PPARG promoter and a second probe annealing at the other TAD border. We observed an overlap of the signals from the two regions in the wt Lmna Δ8-11 +/+ MuSCs that indicates the presence of a DNA looping in cis ( Figure 5E and 5F). By contrast, in Lmna Δ8-11 -/-MuSCs the distance between the signals was higher, definitely suggesting the lack of DNA/DNA interaction. Indeed, from the analysis of H3K27me3 ChIPseq tracks we noticed in the Lmna Δ8-11 -/-MuSCs a reduction of H3K27me3 peaks upstream the PPARG locus ( Figure S10 ). FISH analysis also highlighted that in wt the entire genomic region is close to the nuclear periphery ( Figure 5E and 5G) while in Lmna Δ8-11 -/-is re-located in the nuclear interior, suggesting that Lamin A absence interferes with chromatin anchoring to the nuclear lamina and PcG dependent DNA conformation.
Lmna Δ8-11 -/-MuSCs undergo premature senescence
Taken together, these results clearly point towards a role of Lamin A in mediating
PcG-transcriptional repression in MuSCs to safeguard their identity and regenerative capacity. This lack of cell identity and the impairment of self-renewal displayed by Lmna Δ8-11 -/-MuSCs are all features reminiscent of the phenotype described for Ezh2-null MuSCs (24) . Moreover, the impairment in self-renewal and the progressive decline of MuSCs pool are also typical traits of aged MuSCs (37) in which both Lamin A/C and PcG proteins play a key role (38, 39) . A major cellular mechanism that ensures self-renewal and hence the maintenance of the MuSC pool is the asymmetric division (40) . At the molecular level, in aged mice, the accumulation of activated form of P38 (phospho-p38, Ph-P38) and its symmetric distribution in MuSC doublets heavily compromise the self-renewal capacity leading to MuSCs functional decline (41, 42) . To test whether premature exhaustion of quiescent Lmna Δ8-11 -/-MuSCs cells could be ascribed to a defective asymmetric division, we stained myofibers-associated MuSCs for Ph-p38 after 48h of culture, a timing at which, 19 days-post-natal myofibers formed MuSCs-derived doublets ( Figure 6A ). In contrast to wt, Lmna Δ8-11 -/-MuSC doublets showed a preferential symmetric distribution of ph-p38, quantified by relative fluorescence intensity ( Figure 6A and 6B) often accompanied by a planar orientation with respect to myofibers (see additional methods) ( Figure 6C ). This highlights problems in asymmetric division, which should be instead characterized by apico-basal orientation (43) . In line with this result, in Lmna Δ8-11 -/-muscle sections we found higher amount of Ph-P38+ ( Figure S11A and S11B) MuSCs and sign of genomic instability, as measured by increased γH2AX DNA repair signal foci ( Figure S11C and S11D), not accompanied by apoptosis or necrosis as evidenced by Annexin staining ( Figure S12A ). To test if defective asymmetric division is associated to premature senescence we then analysed RNAseq to determine if Lmna Δ8-11 -/-MuSCs share the same transcriptional signature of MuSCs isolated from aged mice. We performed a GSEA using two different RNA datasets from MuSCs of 24 months old mice (25, 44) and Lmna Δ8-11 -/-up-regulated genes. In line with our hypothesis, we found that 19 days-old Lmna Δ8-11 -/-MuSCs present an upregulated transcriptome similar to 20-24-months-old MuSCs ( Figure 6D and S12B), but different from geriatric 28-32-months-old MuSCs ( Figure S12C ). At the molecular level, the senescence program is supported by upregulation of some PcG-regulated Cyclin-dependent Kinase Inhibitors (CDKIs) (45) as p21, involved in cellular senescence and in cell cycle arrest. p21 maintains the viability of DNA damage-induced senescent cells (46) and aberrant expression of p21 has been observed in EDMD derived human myoblasts (47) . ChIP-seq and RNA-seq analysis of Cdkn1a/p21 locus showed a displacement of Ezh2 from the promoter accompanied by an upregulation of p21 transcript in Lmna Δ8-11 -/-MuSCs ( Figure 6E ).
Genetic ablation of Cdkn2a locus partially rescues self-renewal defects in
Lmna Δ8-11 -/-dystrophic mice.
To further corroborate our findings, we also analysed the Cdkn2a locus, a PcG target primarily involved in muscular senescence (44) ( Figure S13A ). Two transcripts, p16 INK4a and p19 ARF originate from Cdkn2a locus (48) . Interestingly, it has been recently reported that p16 INK4a expression is a second event, subsequent to p21 upregulation, in the cellular senescence progression (49) . In line with these observations, p16 INK4a expression is specifically induced in geriatric 28-32-months-old MuSCs (not in 24-months-old MuSCs) (44) . Moreover, depletion of p16 INK4a is sufficient to reduce senescence-associated gene expression in geriatric MuSCs.
RNA-seq and qRT-PCR on 19-days old Lmna Δ8-11 -/-MuSCs did not reveal any transcription of p16 INK4a in wt or Lmna Δ8-11 -/-( Figure 7A ). However, qRT-PCR analysis performed in older mice (26 days from birth), revealed higher levels of p16 INK4a transcript in Lmna Δ8-11 -/-MuSCs and whole muscles compared to the wt counterpart ( Figure 7A ), suggesting a transition during dystrophy progression toward geriatric condition. We thus decided to test whether the genetic ablation of Cdkn2a locus could reverse Lmna Δ8-11 -/-MuSCs premature aging, by crossing Lmna Δ8-11 +/-with Cdkn2a -/-mice (50) . Analysis performed in Lmna Δ8-11 +/+ background showed no differences in the percentage of QSCs and ASCs, nor on CSA, suggesting that Cdkn2a is dispensable for post-natal muscle development ( Figure   7B , 7C and 7D; LMNA+/+). On the other hand, Cdkn2a Lmna Δ8-11 -/-mice partially rescued the quiescent MuSC pool and CSA defects observed in the absence of Lamin A ( Figure 7B , 7C and 7D; LMNA-/-; S13B and S13C) emphasizing that Lamin A-dependent muscular dystrophy might be due to progressive MuSCs functional decline caused by acquisition of premature aging features.
Discussion
Lamin A-dependent muscular dystrophy pathogenesis has been classically ascribed to nuclear fragility that renders myonuclei more prone to mechanical stress and damage imposed by myofibre contraction (4) . However, the evidence that Lamin A/C is expressed also by MuSCs has led to suggest that satellite cell dysfunction might contribute to EDMD progression (51), yet experimental evidence of this hypothesis was still lacking.
Cell fate choice during muscle differentiation is governed by epigenetic factors controlling the sequential restriction of transcriptional programs (52) . Any dysfunction in this finely tuned epigenetic regulation could lead to impaired or aberrant cell fate determination (53) . Here, we show that Lamin A/C is indeed crucial to preserve MuSCs identity and regenerative capacity. We demonstrate that cell-autonomous Lamin A-dependent Polycomb dysfunction leads to MuSCs functional decline, which culminate with impaired regenerative capacity and dystrophic phenotype (Figure 1 ).
Traditionally, the role of Lamin A/C in muscle differentiation has been considered to cause defects in muscle differentiation (54, 55) . However, in other conditions, MuSCs from Lamin A/C null mice showed a normal ability to differentiate and to form myotubes (20, 56) . By moving the viewpoint from differentiation to cell identity we 
Methods
Animals
Heterozygous B6.129S1(Cg)-Lmnatm1Stw/BkknJ mice (Lmna Δ8-11 +/-) (21) and
Cdkn2a +/-mice (50) were used.
Satellite cells extraction, apoptosis evaluation and multiple injuries
Hind-limb muscle were isolated from sacrificed mice and digested 120 minutes Permeabilization was performed 5 minutes with 0,5% Triton X-100 (Sigma, 93443)/PBS1X followed by 2 washes in PBS1X. Myofibers were incubated 1h in blocking solution (10% of FBS/PBS1X). Primary antibodies were incubated in blocking solution ON at 4°C. The day after myofibers were washed in 0,25% tween/PBS1X twice and incubated 60 minutes with secondary antibodies in blocking solution. Fibers were washed in 0,1% tween/PBS1X, incubate 5 min with dapi, briefly washed twice in PBS1X and mounted on slide with a drop of Prolong Antifade (Thermofisher, P36970).
On satellite cells: In order to preserve the integrity of chromatin architecture, Muscular stem (Satellite) Cells (MuSCs) suspension was fixed in 1% PFA for 9 minutes and quenched with 125 mM Glycine (Sigma, 8898) before FACS staining and sorting. SC cells were placed on pre-Poly-L-lisined coverslips (Sigma, P8920) at density of 100.000/mL for 30 minutes at RT. Coverslips were fixed with PFA at 4%/PBS for 10 minute at RT. Then, cells were washed in 2X5 minutes in 0,05% Triton X-100/PBS 1X, permeabilized with 0,5% Triton X-100/PBS1X for 10 minutes and rinsed in PBS 1X. The slides were let in 20% Glycerol (Sigma, G5516)/PBS 1X at least 60 minutes followed by 4 round of freeze and thaw: freezed on dry ice (30 seconds) and thawed in 20% Glycerol/PBS 1X at RT. Slides were washed 2X5 minutes in 0,05% Triton X-100 in PBS 1X, 1x5 minutes 0,5% Triton X-100/PBS1X, incubated in HCl 0,1M (Sigma, H1758) for 15 minutes and rinsed in PBS 1X. cells were washed with 0.01% Triton X-100 in PBS three times for 3 min at room temperature. Cells were first permeabilized with 0.5% Triton X-100 in PBS for 10 min at room temperature. In order to remove RNA, samples were treated with RNase Cocktail Enzyme Mix (Thermo Fisher Scientific, AM2288) for 1 h at 37 °C. Cells were subjected to other steps of permeabilization with 20% Glycerol in PBS overnight at room temperature, followed by four cycles of freeze and thaw interleaved by soak with 20% Glycerol in PBS. Permeabilized cells were washed with PBS three times for 10 min at room temperature. Cells were then incubated in 0.1 M HCl for 5 min at room temperature, followed by a rinse with 2X SSC and then incubated in 50% FA in 2X SSC for at least 30 min at room temperature. Slides were equilibrated in 2X SSC for 2 min, washed in PBS for 3 min and then treated with 0.0025-0.0075% pepsin in 0.01-0.03 N HCl for 2-4 min at room temperature to eliminate cytoskeleton. Pepsin was inactivated with 50 mM MgCl2 in PBS twice for 5 min. Nuclei were post-fixed with 1% PFA in PBS for 1 min, washed with PBS for 5 min and with 2X SSC twice, and then back to 50% FA in 2X SSC for at least 30 min at room temperature.
Hybridization solution was loaded on a clean microscopic slide, coverslip with nuclei was turned upside down on the drop of hybridization mixture and sealed with rubber cement. Samples were denatured for 4 min at 75 °C and leaved to hybridize in a metallic box floating in a 37 °C water bath overnight. Samples were washed with 2X SSC three times for 5 min at 37 °C and with 0.1X SSC three times for 5 min at 60 °C, were washed with 0.2% TWEEN 20 in 4X SSC three times for 3 min at 37 °C, equilibrated in PBS and post-fixed with 2% formaldehyde in PBS for 10 min at room temperature. Finally, the 3D-fixed nuclei were washed with PBS three times for 5 min at room temperature, counterstained with 1 ng/µl DAPI in PBS for 10 min at room temperature and washed with PBS two times for 5 min at room temperature.
Coverslips were mounted. An Eclipse Ti-E (Nikon Instruments) microscope was used to scan the nuclei, with an axial distance of between 0.2-0.25 micron consecutive sections. 
Histone extraction and Western blot
RNA-seq
Total RNA from freshly isolated satellite cells from 3 mice for each genotype was 
ChIP-seq
For ChIP analysis, satellite cells from pools of 6-9 mice were used and prefixed as Libraries with distinct adapter indexes were multiplexed and, after cluster generation on FlowCell, were sequenced for 50 bases in the single read mode on a HiSeq 2000 sequencer at the IEO Genomic Unit in Milan.
Real-time PCR analysis
Total RNA was extracted from satellite cells using Maxwell RSC miRNA tissue kit (Promega, AS1460), while total RNA from muscle tissues was extracted using 
Bioinformatics and image analysis
See additional methods.
Data availability
The datasets generated during the current study are available in the GEO repository with accession number GSE123725.
Statistics
All the data are represented using Graph Pad prism 6. The sample size (n) is described for each experiment in the relative figure legend. Multiple comparison between three o more groups were made using one way Anova or two way Anova with significance as P value <0,05 (*), P value < 0,01 (**), P value <0,001 (***).
Study approval
Heterozygous B6.129S1(Cg)-Lmnatm1Stw/BkknJ mice (Lmna Δ8-11 +/-) (21) and In wt MuSCs the Lamin A/PcG interplay sustains the chromatin higher order structure at differentiation loci, ensuring proper spatio-temporal gene regulation during muscle differentiation. The absence of Lamin A/C determines PcG displacement and relaxation of PcG-mediated higher-order chromatin structure. In Lmna Δ8-11 -/-MuSCs Lamin A/PcG dysfunctional crosstalk causes a lack of cellular identity and premature senescence finally leading to an exhaustion of the stem cell niche and infiltration of adipogenic cells. wt= Lmna Δ8-11 +/+; hom= Lmna Δ8-11 -/-.
